Purpose Spermatozoa maturation, a process required for spermatozoa to acquire progressive motility and the ability to fertilize ova, primarily occurs in the caput and corpus of the epididymis. Despite considerable efforts, the factor(s) promoting epididymal sperm maturation remains unclear. Recently, WNT signaling has been implicated in epididymal sperm maturation. Methods To further investigate WNT signaling function in epididymal sperm maturation, we generated Wntless conditional knockout mice (Wls cKO), Wls flox/flox ; Lcn5-Cre. Results In these mice, WNTLESS (WLS), a conserved membrane protein required for all WNT protein secretion, was specifically disrupted in the principal cells of the caput epididymidis. Immunoblot analysis showed that WLS was significantly reduced in the caput epididymidis of Wls cKO mice. In the caput epididymidis of Wls cKO mice, WNT 10A and WNT 2b, which are typically secreted by the principal cells of the caput epididymis, were not secreted. Interestingly, sperm motility analysis showed that the WLS deficiency in the caput epididymidis had no effect on sperm motility. Moreover, fertility tests showed that Wls cKO male mice had normal fertility. Conclusion These results indicate that the disruption of WLS in principal cells of the caput epididymidis inhibits WNT protein secretion but has no effect on sperm motility and male fertility, suggesting that WNT signaling in the caput epididymidis may be dispensable for epididymal sperm maturation in mice.
Introduction
The epididymis is essential for sperm maturation and male fertility. Up to 40% of infertile men display idiopathic infertility that may be due to sperm maturational disorders [1] . Spermatozoa leaving the testis and entering the epididymis are not functional sperm. Several days are needed for spermatozoa to complete the transition through the epididymis. During this process, spermatozoa acquire progressive motility and the ability to fertilize ova [2, 3] . Based on histological and ultrastructural differences, the epididymis is grossly divided into three regions: the caput (head), corpus (body), and cauda (tail) [4] . In mice, the most proximal epididymal region is also known as the initial segment [5, 6] . Each epididymal region performs distinct functions, with the caput and corpus serving as the sites for early and late sperm maturation, respectively, while the cauda region is responsible for the storage of functionally mature spermatozoa [1, 4, 7] . Epididymal spermatozoa maturation is induced by factor(s) synthesized and secreted from the epididymal epithelium due to the transcriptional silencing of spermatozoa [8] . The caput epididymidis is the most metabolically active region, secreting 70-80% of the total overall protein secretion in the epididymal lumen [1] . For example, gene expression was regionalized, with the caput region exhibiting the highest percentage of region-specific genes in human epididymis [9] [10] [11] . Thus far, the identity of the epididymal maturation factors has remained unresolved.
WNT signaling is a highly conserved cell-to-cell communication mechanism, dependent and independent of the β-catenin Jin-Mei Cheng and Ji-Xin Tang contributed equally to this work.
* Yi-Xun Liu liuyx@ioz.ac.cn pathway, with essential functions in development and disease [12, 13] . Several studies have provided information concerning WNT protein and WNT signaling in the testes [14] [15] [16] [17] [18] . For example, WNT5A secreted from Sertoli cells has been shown to support spermatogonial stem cell (SSC) maintenance through a β-catenin-independent mechanism [18] . Takase et al. reported that WNT/β-catenin signaling in the testis specifically contributes to the proliferation of SSCs and progenitor cells [16] . A thorough analysis of XY gonads from WNT4 −/− mice revealed that WNT4 is involved in the mammalian testis determination pathway [19] . However, the function of WNTs and WNT signaling in the epididymis remains unknown. Studies have shown that multiple WNT ligands were expressed in the epididymis, including WNT1, WNT2b, WNT3A, WNT10A, and WNT4 [8, 20, 21] . In addition, Koch et al. observed that WNT10A and WNT2b were highly expressed in the caput epididymis but virtually absent in the cauda [8] . WNTLESS (WLS) is an evolutionarily and functionally conserved transmembrane protein localized throughout the entire WNT secretory route, including the endoplasmic reticulum, Golgi, vesicles, and plasma membrane [22] [23] [24] [25] . Having a lipocalin-like structure enables the binding of Wntless to hydrophobic regions in mature WNTs [26] . The loss of WLS function has no effect on other signaling pathways but impedes WNT signals [22, 23] . Therefore, WLS knockout mice are an excellent model to study the role of WNT signals (both canonical and non-canonical) and total WNT proteins. Considering that the caput region exhibits the highest percentage of total overall protein secretion in the epididymal lumen [1] , we generated Wntless conditional knockout mice (Wls flox/ flox ; Lcn5-Cre) in which WLS was specifically disrupted in the principal cells of the caput epididymidis to investigate the WNT signaling function in epididymal sperm maturation.
Materials and methods

Mice
All mice were housed (one to five animals per cage) in a controlled environment (12-h light/dark cycle, 22 ± 1°C, 60%-70% humidity) and fed ad libitum with standard chow. Two-month-old mice were euthanized by cervical dislocation, and the harvested tissues were immediately placed into prewarmed PBS. Wls flox/flox mice homozygous for a floxed allele of WLS (The Jackson Laboratory, Bar Harbor, ME, USA, stock no. 012888) were generated as previously described [27] . Genotyping was performed on DNA samples prepared from 1-mm tail clippings obtained from 3-week-old mice using For: 5′-TTCATCTTAGCTGCTCTTGAAGG-3′ and Rev: 5′-TCATTGGTTCCTCTGGCT CT-3′ primers to detect wild-type (wt) (413-bp) and floxed (475-bp) alleles (Fig. 1c) . LCN5 is specifically synthesized and secreted by the principal cells of the middle/distal (region 2/3) caput epididymidis, and functions after postnatal day 30 [28] (Fig. 1b) . A knock-in of Cre recombinase on one copy of the LCN5 locus was detected as a 481-bp fragment using For: 5′-GCCTGCATTACCGG TCGATGC-3′ and Rev: 5′-CAGGGTGTTATAAGCAATCC C-3′ primers. All animal experiments were performed in accordance with the protocols approved by the Institutional Animal Care and Use Committee at the Institute of Zoology (IOZ), Chinese Academy of Sciences (CAS).
Western blot analysis
Epididymal luminal fluid was collected from caput epididymidis of 2-month-old Wls cKO and Wls f/+ males, as previously reported [8] . Briefly, minced caput epididymidis was passed through a 70-μm strainer to remove epithelia, and the sperm were pelleted by centrifugation at 3000×g for 5 min. The supernatants were subjected to ultracentrifugation at 120,000×g for 30 min at 4°C. The supernatant was transferred to a new tube, and the pellet was resuspended in an equivalent volume of PBS. Western blot analysis was performed as previously described [8, 14] . Briefly, caput epididymidis and epididymal luminal fluid were lysed in radioimmunoprecipitation assay lysis buffer containing protease inhibitor cocktail tablets (Roche, Shanghai, China). Protein concentrations were measured using the Bradford assay (Bio-Rad, Richmond, CA). The proteins were electrophoresed under reducing conditions in 10% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes. The blots were blocked in 5% BSA and incubated overnight at 4°C with anti-WLS (1:800; Santa Cruz Biotechnology, mouse, sc-133635), anti-WNT10A (1:500; Abcam, rabbit, ab106522), or anti-WNT2b (1:500, Santa Cruz Biotechnology, rabbit, sc-98737) antibodies, followed by incubation with a secondary antibody (anti-mouse or rabbit horseradish peroxidase-coupled antibody, Jackson ImmunoResearch) for 1 h at room temperature. The membranes were scanned using an enhanced chemiluminescent detection system. The protein level was normalized to GAPDH abundance.
Hematoxylin and eosin (H&E) staining and immunofluorescence staining
Eight 2-month-old Wls f/+ and eight Wls cKO males were euthanized, and their caput epididymidis and cauda epididymidis were immediately fixed in Bouin's solution for hematoxylin and eosin staining or 4% paraformaldehyde (PFA) (Sigma-Aldrich) for immunofluorescence staining, as previously described [14] . The tissues were washed twice with PBS and then embedded in paraffin for histological analyses. Hematoxylin and eosin (H&E) staining was performed using standard procedures. For immunofluorescence, the tissue sections were dewaxed and rehydrated, followed by antigen retrieval in 10 mM sodium citrate buffer. The sections were blocked with 5% BSA for 1 h and incubated with primary antibodies against WLS (1:100; Santa Cruz Biotechnology, mouse, sc-133635) or WNT10A (1:50; Abcam, rabbit, ab106522) overnight at 4°C. The sections were washed three times with PBS and subsequently incubated with FITCconjugated secondary antibodies (1:200; Jackson ImmunoResearch, West Grove, PA, USA) for 1 h, followed by counterstaining with the nuclear stain 4′,6-diamidino-2-phenylindole (DAPI; 1:1000 dilution) (Sigma-Aldrich, St. Louis, MO).
Fertility rate
Six 2-month-old Wls cKO and six Wls f/+ males were housed with 12 C57 or ICR fertile female mice (ratio: 1 male to 2 female every cage) for 3 months, respectively. The pregnancy rate (no. of litter/mating) and litter size (no. of pup/litter) were recorded in each group.
Sperm motility analysis
Sperm motility assays were performed as previously described [29, 30] . Briefly, the caput and cauda epididymis were dissected from 2-month-old Wls f/+ and Wls cKO male mice, and the spermatozoa exuded from incisions of the caput and cauda epididymis in 500 μL M16 medium (Sigma, M7292) for 30 min at 37°C under 5% CO 2 . A 10-μL aliquot of the M16 medium containing sperm was placed into a glass cell chamber (Leja Products B.V., Nieuw-Vennep, the Netherlands). The chambers were maintained at 37°C on a heated platform, and the spermatozoa were viewed using an Olympus BX51 microscope through a ×20 phase objective. Viewing areas on each chamber were imaged using a CCD camera (Olympus, Tokyo, Japan). The samples were analyzed using computer-assisted semen analysis (CASA) (Version 12 CEROS, Hamilton Thorne Research, Miami, FL) implemented using the Minitube Sperm Vision Digital Semen Evaluation system (Minitube Group, 12500/1300, Tiefenbach, Germany). Various sperm motility parameters were analyzed, including the percentage of motile sperm and progressive sperm, and the progressive sperm velocity.
Quantitative reverse-transcription PCR
Caput epididymis without any treatment was lysed with TRIzol reagent (Invitrogen, Beijing, China), and total RNA was extracted according to the manufacturer's instructions. The concentration of RNA was measured using a NanoDrop 200 system (Fisher Scientific, Madrid, Spain), and the RNA integrity was assessed using agarose gel electrophoresis. The complementary DNA (cDNA) synthesis was performed using a transcript first-stand cDNA synthesis kit (Solarbio, Shanghai, China). Quantitative PCR was performed as previously reported [31] . Briefly, quantitative PCR was performed using SYBR Green I (Invitrogen, Beijing, China), and expression was normalized to the housekeeping gene Gapdh. Calculations of the relative fold changes in Wntless were performed using the 2 −ΔΔCt method. The primer pair for Wntless was forward (5′-TGGGAAGCAGTCTAGCCTCC-3′) and reverse (5′-GCAGCAAGCCAAGGTGATA-3′). The primer pair for Gapdh was forward (5′-AGGTCGGTGTGAAC GGAT-3′) and reverse (5′-TGTAGACCATGTAGTTGA-3′).
Data analysis
All experiments were conducted with at least three replicates. The data were analyzed using Student's t test in SPSS (Statistical Package for the Social Sciences) 19.0 software (SPSS, Inc., Chicago, IL, USA). *P < 0.05 and **P < 0.01 values were considered statistically significant. The results are presented as the mean ± S.E.M.
Results
Creation of Wls conditional knockout mice
To generate Wls conditional knockout mice, the Wls f/f and the caput epididymidis-specific Lcn5-Cre are needed (Fig. 1a) . Genotyping of the mice was performed by PCR using specific primers to distinguish wild-type or flox alleles (Fig. 1c) ; Lcn5-Cre (Wls cKO) mutants (Fig. 1d) .
Wls deletion in caput epididymidis
Wls deletion efficiency was analyzed by assessing the level of Wls messenger RNA (mRNA) and protein abundance in the caput epididymidis; both were markedly reduced in Wls cKO mouse caput epididymidis (P < 0.01) (Fig. 2a, b) . Furthermore, immunostaining of WLS protein revealed that little WLS was detected in the caput epididymidis of mutant mice (Fig. 2c) .
Inhibited WNT 10A and WNT2b protein sorting and secretion in Wls cKO mouse caput epididymidis
To examine whether deletion of Wls in caput epididymidis inhibits WNT protein sorting and secretion, we collected the epididymal luminal fluid containing the extracellular vesicles secreted by caput principal cells and examined the levels of WNT10A and WNT2b. The results indicated that WNT10A and WNT2b proteins were remarkably reduced in the epididymal luminal fluid of Wls cKO mice (P < 0.01 and P < 0.05, respectively) (Fig. 3a, b) . Immunostaining of WNT10A in the caput epididymidis indicated that the localization of WNT10A was changed. In the Wls f/+ mouse caput, WNT10A protein was accumulated at the apical plasma membrane of epididymal principal cells (Fig. 3c) . However, in the Wls cKO mouse caput, WNT10A was scattered throughout all regions of principal cells (Fig.  3c) . Collectively, these results show that the deletion of Wls in the caput epididymidis inhibits the sorting and secretion of WNT10A and WNT2b proteins.
Normal fertility and sperm motility in Wls cKO mice
To examine the effect of abnormal WNT protein sorting and secretion on male fertility, we assessed fertility by mating Wls Fig. 2 Wls deletion in caput epididymidis. a Detection of WLS in caput epididymidis using Western blot analysis. The protein level was normalized to GAPDH. b Wls mRNA abundance was detected using qPCR and was normalized to Gapdh. c Immunostaining of WLS in caput and cauda epididymides. Bar = 100 μm. DNA, blue; WLS, green. In a, b, ** P < 0.01; the presented data are from ten control or ten conditional knockout males; the data are shown as the mean ± standard error. In a-c, caput epididymides were collected from middle/distal caput epididymides of 2-monthold Wls f/+ and Wls f/f ; Lcn5-Cre mice cKO male mice with wild-type C57 or Swiss CD1 female mice. The pregnancy rates of female mice in Wls cKO (100%) and Wls f/+ (100%) groups showed no significant difference (Fig. 4a) . Moreover, the litter sizes in Wls cKO and Wls f/+ groups were also similar (Fig.  4b) . We subsequently assessed the morphology of the caput epididymidis and observed no striking difference between Wls cKO and Wls f/+ groups (Fig. 4c, d ). In addition, the percentage of motile sperm (47.75 vs. 46.81%; 82.06 vs. 83.16%, Fig. 4e, h, respectively) , the percentage of progressive sperm (7.75 vs. 6.57%; 17.49 vs. 19.55%, Fig. 4f, i, respectively) , and the velocity of progressive sperm (37.23 vs. 34 .72 μm/s; 63.80 vs. 63.44 μm/s, Fig. 4g , j, respectively) in the caput and cauda epididymides did not significantly differ between the Wls cKO and Wls f / + groups. Collectively, these results demonstrate that the deficiency of WLS in the caput epididymidis has no impact on male fertility and sperm motility.
Discussion
During their transit along the epididymidis, mammalian spermatozoa encounter intraluminal fluid of a different protein composition that interacts with the sperm surface to bestow male gamete fertilizing activity [32] . The caput epididymidis is essential for spermatozoa to acquire motility. LCN5 is specifically synthesized and secreted by the principle cells in the epididymis in an androgen-regulated manner, and its expression is restricted to the middle/distal caput epididymis [28, 33, 34] . WLS protein is primarily distributed in the cytoplasm of principal cells of caput and cauda epididymides (Fig. 2c) . In the present study, we first generated Wls f/f ; Lcn5-Cre mice in which the Wls gene was specifically disrupted in the caput epididymidis. Although approximately 20% of the WLS protein was still expressed in the caput epididymidis of Wls cKO mice (Fig. 2a) , Western blot and qRT-PCR analyses indicated that Wls was successfully deleted in the caput epididymidis of Wls cKO mice (Fig. 2a-c) . The residual protein and mRNA in Fig. 3 WLS is essential for the sorting and secretion of WNT proteins. In a, b, the levels of WNT10A and WNT2b protein in epididymal luminal fluid were examined using Western blot analysis. Epididymal luminal fluid was collected from the caput epididymides of 2-month-old Wls f/+ and Wls cKO mice. **P < 0.01, *P < 0.05; the data are presented as the mean ± standard error. The WNT10A and WNT2b protein levels were normalized to GAPDH. c Immunostaining of WNT10A in caput epididymidis. Bar = 100 μm. DNA, blue; WNT10A, green. In a-c, the caput epididymides were collected from eight 2-month-old Wls f/+ and eight Wls cKO mice Wls cKO mice are likely from spermatozoa in the caput, as Chen et al. reported that WLS is highly expressed in germ cells [14] .
Cell-cell communication via WNT signals represents a fundamental strategy for the regulation of animal development and homeostasis [22] . WNT signaling molecules can spread over many cell diameters to activate target-gene expression in both a short-and long-range manner [35, 36] . WLS represents an ancient partner for WNTs dedicated to promoting their secretion into the extracellular milieu [22, 23] . Since the epididymis can release active Wnt ligands on exosomes into the epithelial lumen [8] , we collected the epididymal luminal fluid of Wls cKO mice to measure the level of WNT protein. The results showed that the deficiency of WLS inhibits WNT10A and WNT2b protein sorting and secretion in the caput epididymidis (Fig. 3) , as the extracellular secretion of WNTs is inhibited in germ cells and Sertoli cells through WLS disruption [14] . WLS can be activated by β-catenin and Lef/Tcfdependent transcription and is a direct target of WNT [24] .
Upon WNT activation, WLS assists the cellular trafficking of WNT proteins in a positive feedback mechanism [24] . This reciprocal regulation of WLS and WNTS is essential for WNT-dependent development in health and disease [27] .
Post-transcriptional WNT signaling governs epididymal sperm maturation [8] . A previous study showed that WNT4 existed in monkey epididymis and may play an important role in maintaining epididymal homeostasis [21] . Wang et al. suggested that the canonical WNT signaling pathway has an additional role in the postnatal development of the mouse epididymis [20] . Unexpectedly, the present results showed that the deletion of WLS in the caput epididymidis has no apparent influence on sperm motility and male fertility (Fig. 4) . Thus, the inhibition of WNT secretion to the epithelial lumen in the caput epididymis has no striking effect on sperm maturation. The reason why caput epididymis-specific Wls knockout mice exhibit normal sperm maturation remains unclear. One potential reason is that multiple WNTs may function redundantly and co-operatively in epididymal sperm maturation. Although Fig. 4 Deletion of Wls in caput epididymidis has no effect on male fertility and sperm motility. and Wls cKO mice, respectively. e The percentage of motile sperm, f the percentage of progressive sperm, and g the velocity of progressive sperm in caput epididymidis were analyzed. h The percentage of motile sperm, i the percentage of progressive sperm, and j the velocity of progressive sperm in the cauda epididymidis were analyzed. c-j The data were collected from eight 2-month-old Wls f/+ and ten Wls cKO mice. The data are presented as the mean ± standard error WNT signaling decreased from caput to cauda epididymides [8] , the principal cells of the corpus and cauda epididymides can also secrete WNT proteins. For example, Deshpande et al. showed that the expression of WNT4 in the adult rat cauda was intense [21] . Wang et al. showed that the genes of WNT/β-catenin signaling components were expressed in the entire mouse epididymis, and β-catenin protein was easily detected in the caput, corpus, and cauda epididymidis [20] . Hence, the inhibition of WNT extracellular secretion in the entire epididymis may help determine whether WNT signaling is dispensable for the entire epididymal sperm maturation process.
Androgen receptor ablation in the proximal caput epithelium results in a reduction in luminal diameter and an altered smooth muscle cell layer [37] . Dicer1 deletion in the mouse epididymis led to the accumulation of a thicker layer of smooth muscle cells surrounding the duct of the epididymis, and the epididymides of these mice were significantly smaller than those of control mice [38] . However, no overt abnormalities in the caput epididymis morphology of Wls cKO mice (Fig. 4c, d) were found, potentially suggesting that WLS protein is not necessary for the epithelial development and function of the caput epididymis. The disruption of the Rnase10 gene, encoding a secreted proximal epididymal protein in mice, results in a binding defect in spermatozoa and their inability to pass through the uterotubal junction in the female, resulting in infertility [39] . Because the mice harboring a Wls deletion in the caput epididymis can produce normal motile sperm, the pregnancy rate and litter size of Wls cKO mice showed no obvious difference from control groups (Fig. 4a,  b) , similar to the specific Wls deletion in young mouse germ cells [14] . However, oxidative stress and apoptosis are involved in the subfertility of aged germ cell-specific Wls deletion mice [14] . Whether this situation occurs in caput epididymis-specific Wls deletion mice should be further studied.
In conclusion, the results of the present study suggest that WNT signaling in the caput epididymidis may be dispensable for epididymal sperm maturation.
